In micromanipulation and microassembly tasks, the manipulated micro-objects do not always have the same characteristics, such as compliance. Thus, both the static and dynamic models representing the force behavior respect to input sollicitations depend on the characteristics of of the manipulated micro-object. As a result, it is hard to synthesize a single controller able to ensure desired performances for all set of micro-objects, especially when their compliance range is very large. In this paper, we propose to model and control the manipulation force applied by piezoelectric microactuators by using a parameter dependent approach such that desired performances are ensured for all kind of manipulated objects. The resulting controller is said self-scheduled and easy to implement from numerical point of view. First, we derive a model that is dependent on the characteristics of the manipulated micro-object. The strong hysteresis nonlinearity of the piezoelectric microactuator was compensated and the derived model is therefore linear. Afterwards, we design a self-scheduled controller using H ∞ technique. In order to ensure the desired performances (micrometric accuracy, tens of millisecond of settling time) for any manipulated micro-objects, a parameter dependent controller is designed respect to the continuum of models. Finally, the efficiency of the proposed design procedure will be illustrated from experimental results.
INTRODUCTION
Piezoelectric materials are very prized in the design of manipulators, actuators, sensors and robots for micro/nano manipulation and microassembly tasks. This is especially due to the high resolution and the high bandwidth that these materials can provide. One of their famous application is the piezoelectric microgripper (1)(2).
A microgripper is based on two piezoelectric cantilevers (piezocantilevers), generally with rectangular cross-section (Fig. 1) . While one piezocantilever is used for the precise positioning, the second one can be used to control the manipulation force. In fact, the force control allows keeping the manipulated object inside the gripper. This also avoids the damage of some fragile micro-objects (optical microobjects, biological cells, etc...). Another possible application of the force control through the piezocantilever is the characterization and/or the treatment of biological objects.
In the litterature, many studies have been dedicated to the modeling and control of position, i.e. control of the deflection of the piezocantilever (3)(4)(5)(6)(7). On the other hand, partial studies refer to the force control (8)(9) (10) and no continous and full works were performed. This was mainly due to the lack of convenient micro-force sensors. Nevertheless, recent results on the measurement and the estimation of force in piezocantilevers (11)(12) may be used to market the force control in these systems.
It is known that the model between the input control of a manipulator and the output manipulation force is dependent on the characteristics of the manipulated object, either using classical manipulators (13) or using piezoelectric manipulators (9) . In micromanipulation/microassembly tasks, the manipulated micro-objects do not always have the same characteristics: the same microgripper can be used to manipulate biological cells, silicon based artificial objects and optical parts. In order to ensure specified performances for different manipulated objects, (9) (10) propose to use robust controllers. However, if the variation range of the characteristics of the different objects becomes important, the computed controller can not anymore ensure the performances, or even the stability. A selfscheduled controller should therefore be used.
In this paper, we propose to model the manipulation force in piezocantilevers using parameter dependent approach and to synthesize a self-scheduled H ∞ controller. Behind the obtained performances, the advantage of the proposed technique is that the controller is simple from implementation point of view. The paper is organized as follows. Section-2 is dedicated to the modeling of the system. As the piezocantilever has a strong hysteresis nonlinearity, its compensation is briefly presented in the same section. In section-3, we present the synthesis of the controller and the experimental results.
MODELING
We consider one piezocantilever manipulating an object. The second piezocantilever of the microgripper is replaced by a rigid body. Using a lumped representation of the object, especially as a spring, we obtain the Fig. 2 . We denote δ nc ≥ 0 the distance between the manipulator and the object before the contact. 
Model of the piezoactuator
The relation between the applied voltage U , the external force F ext applied at the piezocantilever's tip and the resulting deflection is as follow (see for eg. (6)):
• H st (U ) represents the (static) hysteresis nonlinearity that characterizes the piezoelectric material, • D(s) is the normalized dynamic part, such as D(0) = 1, • C r (s) is a linear dynamic transfer that models the creep characteristic of the piezoelectric material, • and c p is the elastic constant of the piezocantilever.
The model in (Eq. 1) is nonlinear. In order to further synthesize a linear controller, we decide to compensate the hysteresis H st (U ) while the creep will be considered as an external disturbance to be rejected. The principle of the hysteresis compensation is based on a precise modeling H st and putting in cascade with the piezocantilever an inverse model H inv st (·). The output of the compensator is the voltage U while its input is a deflection reference denoted δ rs . Applying this compensator in (Eq. 1), we obtain:
where k ≈ 1 is the linear static gain, and
is an input dependant disturbance that is linked to the creep.
To compensate the hysteresis H st (·) with H inv st (·), we propose to use the Prandtl-Ishlinskii (PI) approach. In this approach, the hysteresis model is based on the play operator, also called backlash operator (14) . A play operator of unity slope is defined by:
where T is the sampling time and r the threshold of the operator.
Therefore, a hysteresis H st is approximated by the sum of several play operators weighted by the gain (slope) w i (14) . Let n be the number of elements, so we have: To identify and compute the direct model and the compensator of the hysteresis, we apply a sawtooth input voltage U to the piezocantilever and the resulting deflection δ is measured. Fig. 3 -a shows the setup: an optical sensor (Keyence LK-2520, with nm of resolution) is used to report the deflection. More details on the identification procedure and the computation of the compensator for piezocantilevers can are in our previous work (16) . In Fig. 3-b , it is shown that the identified hysteresis model well fits to the experimental result. Fig. 3 -c presents the experimental results when the hysteresis is compensated.
Model of the manipulated object
In order to further derive the model linking the new input control δ rs and the output force, we need to model the object's deformation. Let F = −F ext be the manipulation force applied by the piezocantilever to the object. Let c o = 1 ko denote the compliance of the object, k o being its stiffness. Therefore, using Fig. 2 , we have: This object model is only static and does not account the effective mass and the viscous deformation. Such assumption is valid when the manipulated object is very small (micro-object) and when its stiffness is not too low.
Model relating the output force and the input control
Using the piezocantilever's linear model in (Eq. 3) and the object model in (Eq. 6), knowing that F = −F ext , and re-arranging the computed expression at our convenience, we infer the model that links the input control δ rs and the output force:
where d is a disturbance and is defined by:
This model is parameter c o dependent. We propose to choose it as a scheduling parameter.
From the proposed expression in (Eq. 7), we provide the bloc diagram of the system to be controlled as depicted in Fig. 4 . The objective is to separate the object parameter c o from an independant model (here, from k·D(s)) as we can, and therefore to propose a parameter dependent controller scheme that is easy to implement. 
Identification
In the model of (Eq. 7), the elements to be identified are the static gain k, the compliance of the piezocantilever c p and the dynamic part D(s). First, to identify c p , we put a known mass at the tip of the piezocantilever. Using the resulting deflection, we derive: c p = 2 µm mN . Afterwards, we apply a step input δ rs = 60[µm] to the system and the output δ is reported. Using the ARMAX method, we identify k · D(s). The experimental and the simulation results are plotted in Fig. 5-a 
We notice that when observing the step response for a long period, the creep effect can be seen (Fig. 5-b) . Here, an input δ rs = 60[µm] generates a creep nearly 10[µm] at the output. It correponds to d cr when using the maximal range of displacement.
CONTROL
The model developed as in (Eq. 7) is c o -parameter dependent. According to the manipulated objects, the parameter's range may be very large and therefore a fixed controller, even robust, will not anymore ensure the performances, even so the stability. Therefore, we propose a scheduled controller in this section.
Principle scheme of the self-scheduled control law
To control the c o dependent model of the Fig. 4 , we propose to use the c o dependent controller κ (s, c o ) as presented in Fig. 6 -a. The controller κ also contains a fixed gain C(s). After simplification, the bloc diagram of 
H ∞ controller design
To compute C(s), we use the H ∞ standard technique in order to explicitely account the specifications. Notably, they concern 1) the tracking performances, 2) the disturbance d co = d co rejection, 3) and the limitation of the input control i.
Control design scheme Based on the above draft specifications, we derive the standard form (Fig. 7) where W 1 (s), W 2 (s) and W 3 (s) are the weighting functions for the tracking performances, the input signal limitation and the disturbance rejection respectively. The signals o i (i ∈ {1, 2}) are the output to be controlled while the reference input F r and signal b concern the exogenous input signals. Using the figure, we have:
where S = 1 1+CkD is the sensitivity. Applying the H ∞ standard problem (17) to the previous equations, the problem comes back to find the controller C(s) and an optimal value of γ that satisfy the following constrains:
Choice of the weighting functions To define the weighting functions, the following detailed specifications are used.
For the tracking performances: the settling time needs to be lower than 30ms and the statical error inferior to 1%. In order to avoid a force overshot that may destroy the manipulated micro-objects, the overshot should be null. Therefore, we choose the following upperbond:
For the input control signal limitation. In order to avoid high sollicitation to the actuator, we give an upperbound for the gain between the input control i and the reference F r as follows: is the considered minimal compliance in this paper but the user could choose another value. So, when the disturbance is maximal, we specify that its influence on the output is inferior to 1[mN ] . Furthermore, we require that the maximal settling time of the disturbance rejection is 50ms. So, we choose: 1
0.05 
Computation of the controller
The controller is computed using the Glover-Doyle algorithm (18) (19) and the Matlab c software. The corrector C(s) has an initial order of 6. To reduce the time and memory consumption, we decide to reduce the order by using the balanced realization technique (20) . Finally, we obtain a third order controller: 
Experimental result
The computed corrector C(s) was introduced in the selfscheduled controller κ (s, c o ) as in Fig. 6 -a and the latter was implemented in the Matlab-Simulink and dSPACE real-time material. Instead of manipulating micro-objects, the experiments were performed with passive cantilevers. passive cantilever, the corresponding compliance is manually introduced in the corrector κ (s, c o ) and the latter is automatically scheduled. The force is measured using an estimation technique presented in previous work (10) . Fig. 10 shows the experimental step response of the closedloop. It clearly shows that the specifications were satisfied, i.e. settling time, statical error and overshot, whatever the manipulated cantilever is ( Fig. 10-a) . The results indicates the efficiency of the proposed controller.
CONCLUSION
In this paper, we presented the modeling and the control of the force applied by a piezocantilever to a manipulated object. First, because of the strong nonlinearity of the piezoelectric material, we applied a hysteresis compensator based on the Prandtl-Ishlinskii approach. A linear model was afterwards developed. It has been shown that the model is dependent on the characteristics of the manipulated object. In order to keep some specified performances for any kind of objects, we therefore proposed a selfscheduled H ∞ control law. The controller is said selfscheduled since it is scheduled accordingly to the compliance of the manipulated object. The proposed scheme is easy from implementation point of view and the experimental results with two different objects demonstrate its efficiency.
